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[1] The collision of India and Asia has caused large
strike-slip faults to form in east Asia, resulting in the
‘‘extrusion’’ of crustal blocks toward the southeast
since the Eocene as a result of the indentation of rigid
India into Asia. It has been suggested that the South
China Sea opened as a result of relative motion
between a rigid Indochina (Sundaland) block and
China. Alternative models propose that rifting and
seafloor spreading were driven by trench forces to the
south. We test these competing models by analysis of
seismic reflection profiles across the boundary
between Sundaland and the southern rifted margin,
known as the Dangerous Grounds. We show that the
southern boundary of the Dangerous Grounds is a
subduction zone that jammed in the middle Miocene.
To the west the Dangerous Grounds are bounded by a
strike-slip zone, also active until 16 Ma, that
becomes diffuse south of the now inactive South
China Sea seafloor spreading center. We place the
western edge of the Dangerous Grounds just to the
east of the Natuna Arch (Lupar Line). The West Baram
Line is confirmed as originating as a major strike-slip
fault within the Dangerous Grounds and is continuous
with the Red River Fault Zone. Because the
Dangerous Grounds were independent of Sundaland
until 16 Ma, its motion cannot have been constrained
by motion of this block, making extrusion impossible
as a mechanism to rift the South China Sea. SE motion
by both the Dangerous Grounds and Sundaland
suggests subduction forces were the primary trigger
for plate motions. Our reconstruction places a 280 km
upper limit on the motion on the Red River Fault and a
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1400 km width to the paleo–South China Sea.
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1. Introduction
[2] The nature of strain accommodation in continentcontinent collision zones has long been debated, with the
arguments still balanced between two end-member models.
At one extreme, convergence is only accommodated by
horizontal compression and crustal thickening [Dewey et
al., 1989; Houseman and England, 1993]. Alternatively,
collision may result in lateral ‘‘extrusion’’ of large-scale
crustal blocks, as a result of motion along lithospheric-scale
strike slip faults, with little need for major crustal thickening
[Tapponnier et al., 1986]. In resolving this debate the IndiaAsia collision has become the type example and test case
because of the size and activity of the system, as well as the
clear presence of major strike-slip faults in eastern Asia.
Tapponnier et al. [1986] have argued that because the
Pacific Ocean provides an open edge to the east, indentation
of India has largely resulted in extrusion of crustal blocks in
that direction since the Eocene (45 Ma), most notably
Indochina and Burma, although strike slip and extrusion
also affect the western Karakoram Range.
[3] Although there is no doubt that SE Asia is strongly
affected by major strike-slip faulting [Lacassin et al., 1997;
Leloup et al., 2001; Morley, 2002], debate continues about
the timing, sense of motion, and amount of offset on these
structures. These arguments are especially relevant to understanding the origin of the South China Sea (Figure 1).
Extension in this basin is believed to have started in the Late
Cretaceous –early Paleocene [Clift and Lin, 2001; Schlüter
et al., 1996; Su et al., 1989] and seems to have exploited the
location of a preexisting Andean-type arc that had been
located above a north dipping subduction zone along the
south coast of China [Hamilton, 1979; Jahn et al., 1976].
However, while some have argued for the importance of
subduction forces in driving basin rifting [Holloway, 1982;
Morley, 2002; Taylor and Hayes, 1983], it has alternatively
been proposed that the South China Sea mostly opened as a
result of extrusion of Indochina to the southeast relative to a
stationary China [Briais et al., 1993; Replumaz et al., 2001;
Replumaz and Tapponnier, 2003; Tapponnier et al., 1986].
In this scenario the southern rifted margin of the South
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Figure 1. Tectonic map of the South China Sea showing the major tectonic blocks discussed in this
paper. Magnetic anomalies in the South China Sea are from Briais et al. [1993]. The crust between the
West Baram and Lupar lines is debated in this paper and is marked in cross-hatching. Overlap between
the Dangerous Grounds crust and Sundaland crust (crosses) is shown to indicate the degree of
underthrusting under Borneo. Thin black contour shows the 1000 m isobath.
China Sea basin, known as the Dangerous Grounds
(Figure 1), acted as part of a rigid Indochina block, also
called Sundaland when including those elements in central
and southern Borneo, together with those under the Sunda
Shelf [Hall, 2002]. An important feature of the extrusion
model for opening the South China Sea is that it excludes
the possibility of a paleo – South China Sea separating the
Dangerous Grounds and Borneo during the Paleogene.
[4] A variety of radiometric dating and paleomagnetic
studies have attempted to test an extrusion-related origin for
the South China Sea through examination of the timing and
degree of motion on the Red River Fault Zone [Cung et al.,
1998; Packham, 1996; Wang and Burchfiel, 1997; Wang et
al., 1998]. Dating of the timing of major sinistral motion on
this fault, which is the primary structure along which
Indochina moved relative to China, indicates that the greatest movements occurred between 35 and 17 Ma [Gilley et
al., 2003], broadly consistent with the age of seafloor
spreading in the South China Sea, where seafloor spreading
had commenced by magnetic anomaly chron 11 (30 Ma)
in the central part of the sea [Barckhausen and Roeser,

2004; Briais et al., 1993; Lu et al., 1987]. More recently,
however, new magnetic mapping near Taiwan suggests that
seafloor spreading may date back to magnetic anomaly 16
(37 Ma) at least in the northeastern sector [Hsu et al., 2004].
[5] Although interpretation of the radiometric ages from
metamorphic rocks along the Red River Fault Zone has
been questioned [Searle, 2006], independent evidence from
the offshore Song Hong-Yinggehai Basin supports the idea
of rapid southeastward motion of Indochina after 35 Ma
[Clift and Sun, 2006], while not constraining the amount of
offset. Indeed, analog modeling suggests that only modest
degrees of motion (200 km) are required to form the basin
geometries observed in the offshore area [Sun et al., 2003],
yet this and a number of other studies continue to debate the
amount of offset and thus the ability of extrusion to drive
opening of the South China Sea [Harrison et al., 1996;
Leloup et al., 1993; Wang and Burchfiel, 1997].
[6] Crucial to the application of the extrusion model in
formation of the South China Sea is the relatively rigid
character of the extruding block. Competing plate reconstructions have proposed models with varying degrees of
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Figure 2. Shaded bathymetry and topographic map of the southwestern South China Sea showing the
total seismic reflection data set considered in this study. On the Vietnam margin data is provided by
Halliburton Exploration Services and PetroVietnam. All data offshore Borneo are from Bundesanstalt für
Goewissenschaften und Rohstoffe (BGR). Bold lines show those lines presented in this paper. Image is
from GeoMapApp, 2007. Magnetic anomalies in South China Sea are from Briais et al. [1993]. Trace of
West Baram Line on Borneo shelf is from Sandal [1996]. Trace of Lupar Line is extrapolated from map
of Hutchison [2004]. Dashed white line indicates approximate location of the continent-ocean transition.
Dashed black line indicates presence of dead spreading center axis.

rigidity within Sundaland [Hall and Morley, 2004; Hall et al.,
2008; Lee and Lawver, 1995; Replumaz and Tapponnier,
2003]. Paleomagnetic evidence suggesting around 50°
clockwise rotation of Borneo relative to Indochina [Fuller
et al., 1999] makes a rigid extrusion model hard to apply.
Nonetheless, it is essential that the rifted southern margin
of the South China Sea (i.e., the Dangerous Grounds) be
effectively part of Sundaland during the 35– 17 Ma period
if the motion of that block toward the southeast is to carry
the Dangerous Grounds away from southern China. If
the Dangerous Grounds were independent of IndochinaSundaland, then extrusion would have no effect on the
stresses between the separating continental margins. In this
paper we employ seismic data to define the nature of the
tectonic boundaries around the Dangerous Grounds in order
to test the competing models for the origin of the sea, i.e.,
whether the basin could have been formed only by extrusion

of Indochina [Briais et al., 1993; Replumaz and Tapponnier,
2003] or whether trench forces to the south are needed to
explain the extension [Morley, 2002].

2. Data Sources
[7] In this study we compiled a number of reflection
seismic profiles collected from the southern South China
Sea and used them to define the nature and evolution of the
tectonic boundaries in that region. On the central and southern
Vietnamese margin, data were released to us from Halliburton
Geophysical Services, Inc., with age control from drilling data
provided by the Korea National Oil Corporation [Lee et al.,
2001]. These profiles have been supplemented by further lines
released by PetroVietnam from the eastern Cuu Long and
Nam Con Son basin region (Figure 2). In northern Borneo we
use reflection seismic profiles collected by the Bundesanstalt
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Figure 3. (a) Seismic reflection line BGR 8618 and (b) structural interpretation from the northern
margin of Borneo. The collisional deep regional unconformity (DRU) dated at 16 Ma can be seen
clearly along with the underthrusting of the Dangerous Grounds crust under Borneo (Sundaland). Note
folding and matching topography on seafloor indicating recent motion. See Figure 2 for location of
profile.
für Geowissenschaften und Rohstoffe (BGR) and previously
published in part by Hinz et al. [1989]. Our work is
also guided by published seismic interpretation from
Hutchison [2004], from those areas of the Sunda Shelf
offshore Sarawak where we have no direct access to
original data.

3. Geology of the Dangerous Grounds
[8] In this paper we use seismic evidence to show that the
offshore extension of the Red River Fault Zone, the primary
boundary between an extruding Indochina and mainland
China, likely continues as far as the SW end of the North
Borneo Trough, as suggested by Morley [2002], and that the
Dangerous Grounds form a continental block now juxtaposed against Borneo. The Dangerous Grounds lie north of
Borneo and is separated from the island by the North
Borneo/Palawan or Sabah Trough. The main part of the
Dangerous Grounds, lying north of the North Borneo/
Palawan Trough, is composed of continental crust that
was extended during the Eocene-Oligocene [Schlüter et
al., 1996; Taylor and Hayes, 1983], with a clear tectonic
fabric still exposed because of moderate sedimentation
compared to the northern margin, where sediment flux from

the Red and Pearl rivers has buried the rift structures. The
North Borneo/Palawan Trough has been interpreted as a
flexural basin related to a south dipping subduction zone
[Bol and van Hoorn, 1980; Franke et al., 2008; Hinz et al.,
1989; Hutchison et al., 2000; James, 1984; Levell, 1987].
Figure 3 shows an example of the NW Borneo margin, with
a tectonized wedge draped by younger (mid-Miocene –
Recent) sediments apparent. However, as noted by Hinz
et al. [1989], the accretionary wedge under which the
Dangerous Grounds have been thrust is locally seen to be
deformed by reverse faults that are associated with folding
and involve sediment close to the surface, indicating
relatively recent activity (Figure 4).
[9] The SW end of the North Borneo/Palawan Trough has
an enigmatic tectonic structure, but in seismic profiles this is
truncated by a major NW-SE trending structure, known as
the West Baram Line. The nature of this line is not presently
well understood but was interpreted as a transform fault on a
rifted passive margin by Morley [2002]. The West Baram
Line has been variously proposed to link to a number of
major continental strike-slip zones, including the Three
Pagodas Fault Zone in the Gulf of Thailand [Hall, 1996],
the Mae Ping Fault of Indochina (Figure 1) [Leloup et al.,
2001], and the Red River Fault Zone [Morley, 2002].
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Figure 4. (a) Seismic reflection line SO27-04 and (b) structural interpretation from the northern margin
of Borneo. The collisional deep regional unconformity (DRU) dated at 16 Ma is marked, but the section
is otherwise undated. Recent deformation is less intense than in BGR 8618, located to the SW. See
Figure 2 for location of profile.

Northeast of the Baram Line an accretionary complex, the
Upper Cretaceous – Eocene Rajang Group and overlying
deepwater Crocker Formation are exposed onshore
[Hutchison, 1996; Lambiase et al., 2008]. The Crocker
Formation is dated as Eocene to lower Miocene by biostratigraphy and by the presence of an overlying unconformity,
the deep regional unconformity (DRU) [Hutchison, 1996].
The DRU is dated by biostratigraphy at 15 – 17 Ma
[Hazebroek and Tan, 1993].
[10] GPS surveys show a modern westward velocity of
6 mm/a of those parts of Borneo northeast of the Baram
Line relative to central Sundaland [Simons et al., 2007],
although there is little seismicity recorded in the North
Borneo/Palawan Trough region. However, the existence of
the DRU indicates that major collision between the Dangerous Grounds and Borneo is old and that current motions
have not substantially changed a trench system that essentially jammed in the early Miocene [Hutchison, 2005;
James, 1984; Levell, 1987; Rangin et al., 1990]. Southwest
of the Baram Line there is a thick Cenozoic sedimentary
cover overlying the Sunda Shelf (>12 km), as well as the
Rajang accretionary complex exposed onshore in Sarawak

[Morley et al., 2003]. Since the early Cenozoic there is little
suggestion that central and western Borneo has been detached from Indochina. Together these regions form a relatively continuous block, known as Sundaland [Hutchison,
2005].
[11] We conclude that during the opening of the South
China Sea, prior to 16 Ma, the Dangerous Grounds were not
connected to Borneo but were separated from Borneo by an
oceanic basin, a paleo –South China Sea. This basin would
have effectively closed by 16 Ma (early Miocene). Even
since that time the Dangerous Grounds appear to have
experienced small degrees of underthrusting relative to
Borneo. GPS data show that even now the Dangerous
Grounds cannot be considered to be fully part of Borneo
and thus Sundaland [Simons et al., 2007].

4. Geology of the East Vietnam Margin
[12] A more complex relationship between the Dangerous
Grounds and Sundaland is seen along the western boundary
of the Dangerous Grounds. The N-S orientation, continuous
with the western edge of the Song Hong-Yinggehai Basin
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Figure 5. (a) Seismic reflection line 74-24 and (b) structural interpretation from the Phu Khanh Basin of
central Vietnam. The basin is marked by a very steep western boundary and large degrees of subsidence
with modest degrees of E-W extension. Age control is from exploration wells on the shelf. See Figure 2
for location of profile.

(Figure 1), and steep geometry of the central Vietnamese
margin are suggestive of a transform margin rather than
simple rifted margin [Basile et al., 1993; Lorenzo, 1997;
Scrutton, 1982]. In many plate tectonic reconstructions the
central Vietnam margin and the Phu Khanh Basin (Figure 2)
are shown to be continuous with a southward extension of
the Red River Fault into the Song Hong-Yinggehai Basin
[Lee and Watkins, 1998; Roques et al., 1997b]. Seismic
reflection data from the Song Hong-Yinggehai Basin indicate that this is a pull-apart basin, dominantly formed during
sinistral strike-slip faulting prior to 16 Ma [Clift and Sun,
2006; Rangin et al., 1995]. Structural data indicate that the
fault zone has experienced reversal to dextral motion since
at least 5 Ma in Vietnam and offshore Hainan [Leloup et al.,
2001].
[13] Morley [2002] argued that displacement on the Red
River Fault reduces moving south from onshore into the
Song Hong-Yinggehai Basin as a result of the formation of
splays exposed close to the Red River delta [Morley, 2007],
as well as offshore in the Gulf of Tonkin [Rangin et al.,
1995]. As a result the total amount of strike-slip motion
transferred into the South China Sea is somewhat less than
seen farther north and is less than the amount of extension
accommodated by seafloor spreading. Nonetheless, seismic

profiles in the SW Song Hong-Yinggehai Basin show that
strike-slip faulting extends at least as far south as 16°N
[Roques et al., 1997a]. South of 14°N, seismic analysis
presented in this study shows the steep nature of the
basement topography, which is strongly suggestive of a
transform margin along strike from and continuous with the
Red River Fault Zone.
[14] The Red River Fault Zone would thus link to the
central Vietnamese margin [Roques et al., 1997a] as a
continuous lineament, which we term the East Vietnam
Transform Zone (EVTZ). Nonetheless, it should be noted
that Roques et al. [1997a] argued for the transform margin
offshore central Vietnam, i.e., the Nha Trang Basin
(Figure 1), to have had a dextral sense of early Miocene
motion rather than the sinistral sense seen on the Red River
fault. This is possible if extension east of the fault within the
southern China block was sufficient to allow contrasting
offsets. Existing data from south of Hainan are in accord
with strong extension (280 km) within the Qiongdongnan
and Nha Trang basins of the right age to allow such motion
[Clift and Sun, 2006; Roques et al., 1997a].
[15] The deep basin, with a very steep, fault-bounded
western side, observed underlying the shelf in Figure 5
argues for a transform origin of the margin. The great depth
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Figure 6. (a) Seismic reflection line 74-12 and (b) structural interpretation from the Phu Khanh Basin of
central Vietnam. Note major faulting is limited to the early Miocene and older sequences. See Figure 2
for location of profile.

but limited horizontal extension seen on the faults is typical
of basins formed in transform settings, such as the Salton
Trough and Ridge Basin of California [Crowell, 2003] or
the Dead Sea [Ben-Avraham and Schubert, 2006; ten Brink
and Ben-Avraham, 1989]. The lack of major brittle faulting
requires out-of-section extension to account for the great
subsidence, either in the form of lower crustal flow or as
brittle strike-slip tectonics [Dooley and McClay, 1997].
[16] Figures 6– 8 show a series of transects across the Phu
Khanh margin of south central Vietnam, demonstrating the
sharp increase in basement depth with relatively little
horizontal extension faulting, typical of transform margins
[Basile et al., 1993; Scrutton, 1982]. Roques et al. [1997b]
indicated that the sense of motion was dextral. In contrast,
motion on the Red River Fault itself is well documented as
being sinistral in the early-middle Miocene [Leloup et al.,
1995]. The seismic sections presented in this study show
that there was a modest structural inversion dated as lower
middle Miocene through ties to petroleum wells. The
unconformity associated with this inversion is equivalent
to the DRU of Borneo. We can thus constrain active
transform motion to the pre – 16 Ma period, when the
Dangerous Grounds moved south relative to Indochina.
Again, our data indicate a separation between Indochina

and continental crustal blocks in the South China Sea during
active rifting and seafloor spreading.

5. Geology of the Sunda Shelf
[17] The region SE of the modern Mekong delta is crucial
to testing the extrusion origin of the South Chin Sea,
because it is in this area that Sundaland crust lies juxtaposed
directly against that of the Dangerous Grounds. The
Mekong offshore region is characterized by two deep SWNE oriented basins, the Cuu Long and the Nam Con Son
(Figures 1 and 2), whose extensional history is closely
linked to the southwestward propagation of the seafloor
spreading center in the South China Sea during the early
Miocene [Lee et al., 2001; Matthews et al., 1997]. South of
where the now extinct propagating rift tip intersects the
EVTZ, the continental margin is quite different in tectonic
character compared to that seen north of that point. There is
no longer a well-defined narrow zone juxtaposing relatively
unextended Sundaland crust and highly extended South
China Sea rifted crust (Figures 9 and 10). However, that
is not to say that major faults are not observed. Both lines
presented here that cross the margin (TC93007 and CN-09D, Figures 9 and 10) show large-scale faults that represent

7 of 16

TC3008

CLIFT ET AL.: EVIDENCE FOR A DANGEROUS GROUNDS PLATE

TC3008

Figure 7. (a) Seismic reflection line 74-10 and (b) structural interpretation from the Phu Khanh Basin of
central Vietnam. Most intense zone of faulting is focused over a range of 12 km. See Figure 2 for
location of profile.

the continuation of the EVTZ. However, the deformation is
more widely and evenly distributed compared to farther
north.
[18] The margin south of the propagating rift tip also
shows a much better developed mid-Miocene unconformity
(DRU) compared to that seen farther north but similar to
that seen in the Dangerous Grounds, under which we
observed very thick sequences of largely Eocene – lower
Miocene strata up to 3 s (two-way time) thick [Sandal,
1996]. Basement itself is not easily resolvable to the west,
although it is resolvable to the east because of the reduced
sediment cover. Line CN-09-D (Figure 10) shows a dramatic basement high on the mid slope that is interpreted as a
volcanic center, now capped with carbonates. The onlapping relationship indicates that the feature is quite old, at
least lower Miocene. Large-scale eastward migrating clinoforms are seen at the shelf edge, pinching out seaward
against the volcanic edifices or on to structural highs
generated by mid-Miocene inversion. These deltaic sequences are dated as Plio-Pleistocene and evidence greatly
increased sediment flux rates at that time in the Mekong
delta [Murray and Dorobek, 2004].
[19] Farther to the south, we have no seismic reflection
data to map how the EVTZ might connect with structures

known on the Borneo margin, specifically the West Baram
or Lupar lines. However, some indication of the nature of
the boundary is provided by lines published by Hutchison
[2004]. One line (Figure 11) that crosses the Sunda Shelf
between these faults shows evidence for compression and
structural inversion. This is consistent with the image from
the two northern profiles that in this region the plate
boundary is more diffuse, perhaps similar to the wide zone
of deformation recorded in the California borderlands,
offshore Los Angeles [Crouch and Suppe, 1993; Nicholson
et al., 1994].
[20] Our new data demonstrate that the region west of a
line joining the EVTZ and the West Baram Line has strong
similarities with the Dangerous Grounds, as well as the
adjacent Sunda Shelf. This region is often referred to as the
Luconia Platform [Sandal, 1996]. Mid-Miocene inversion is
strong and correlates with that known from the basins of the
Gulf of Thailand (Malay, Pattani, and West Natuna) [Morley
et al., 2001]. Strong extension and structural inversion
largely predate the 16 Ma DRU, although there is evidence
of lesser, more recent deformation. Although the West
Baram Line is well defined on the Borneo Shelf [Hutchison,
2005], its exact trace before joining with the EVTZ is harder
to define. Major faults do exist and represent the principle
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Figure 8. (a) Seismic reflection line 74-06 and (b) structural interpretation from the southern Vietnamese margin close to
the propagating rift tip of the spreading center. Note that basement topography east of the major transform boundary is
much greater than seen farther north. See Figure 2 for location of profile.
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Figure 9. (a) Seismic reflection line TC93007 and (b) structural interpretation from the southern Vietnamese margin
offshore the Nam Con Son Basin. Two major faults are seen along the extrapolated trend of both the Lupar and Baram
lines. Note the prominent middle Miocene DRU seen in all regions south of the propagating center. See Figure 2 for
location of profile.
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Figure 10. (a) Seismic reflection line CN-09-D and (b) structural interpretation from the southern Vietnamese margin
offshore the Nam Con Son Basin. The proposed extension of the Baram Line is marked by a volcanic center, capped by
younger carbonates. The trend of the Lupar Line is marked by a major basin, likely a negative flower structure. Note the
prominent middle Miocene DRU. See Figure 2 for location of profile.
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Figure 11. Interpreted seismic section of thick Rajang Delta strata ranging from just above the midMiocene deep regional unconformity to Recent, as interpreted by Mohd Idrus et al. [1995]. Redrawn
from Hutchison [2004], with permission from Elsevier, http://www.sciencedirect.com/science/journal/
02648172.
structures for accommodating strain, yet deformation is
relatively diffuse. Continuation of the EVTZ to the south
along major faults seen in our seismic reflection profiles
suggests that it may connect with an extension of the Lupar
or Mersing lines [Tjia et al., 1998] on the eastern side of the
Natuna Arch (Figures 1 and 2).

6. Discussion
6.1. Boundaries of the Dangerous Grounds
[21] The data presented in section 4 show that the
Dangerous Grounds were separated from Sundaland to the
south and west by major fault zones at least until 16 Ma.
The presence of a blocked subduction zone along the North
Borneo Trough [Hinz et al., 1989; Hutchison, 2004] and the
presence of the Crocker/Rajang accretionary complexes in
Borneo make the separation from Sundaland to the southeast clear [Hall, 2002; Hall et al., 2008; Hutchison, 2005;
Lambiase et al., 2008; Morley, 2002], i.e., that there was a
paleo – South China Sea between the Dangerous Grounds
and Borneo during the Paleogene – early Miocene. While the
eastern Vietnamese margin is a well-developed transform
continental margin, the southwestern boundary of the Dangerous Grounds is less well defined. Nonetheless, the
Dangerous Grounds cannot have moved relative to Borneo
and Vietnam without there being a boundary between this
terrane and Sundaland (i.e., the Sunda Shelf). Our seismic
reflection data, together with geometric considerations,
indicate that this boundary was likely located no farther
southwest than the Lupar Line and Natuna Arch (Figures 1
and 2). In contrast, crust on both sides of the West Baram
Line shows similar stratigraphy and timing of inversion,
indicating that this lineament is not the SW edge of the
Dangerous Grounds block.
[22] That the Dangerous Grounds plate extends southwest of the West Baram Line is also implied by plate

reconstructions. If the extended Dangerous Grounds crust
is restored to its prerift width and returned to its location
against a restored Pearl River Mouth Basin and Hainan
Island (Figure 12), then there is a space between the edge of
the Dangerous Grounds, marked by the West Baram Line
and the Vietnam margin (EVTZ). This ‘‘missing’’ space
would presumably have been occupied by crust that is
essentially part of the Dangerous Grounds because it is
detached from Indochina by the EVTZ. Such crust would
now lie between the Lupar and West Baram lines. Geological and geophysical evidence from SW Borneo (Sarawak)
argues for an earlier collision between the active margin of
Borneo and the crustal block between the West Baram and
Lupar lines compared to northeast of the West Baram Line
[Hutchison, 2005]. Hutchison [1996] suggested that this
collision, which he termed the Sarawak Orogeny, occurred
possibly as early as the Eocene, based on the known age of
rocks in the associated accretionary complex. Consequently,
we infer that the southern margin of the Dangerous Grounds
was substantially offset to the south on the west side of the
West Baram Line, allowing earlier collision in that region
(Figure 12).
[23] The prerift geometry of the South China Sea can be
restored by accounting for the extension across the Dangerous Grounds and Pearl River Mouth Basin. The modern
width of the Dangerous Grounds is clear, and the prerift
width can be accurately determined from studies of the
degree of extension seen across a number of transects,
approximating 100% extension [Clift et al., 2002].
[24] A more difficult question relates to how much the
Dangerous Grounds crust is thrust under Borneo [Hall,
2002; Hutchison, 2005]. While comparisons with other
collisional systems would indicate that most trenches jam
soon after collision, this need not be the case when
subducting a particularly wide, strongly extended margin.
Seismic reflection data (Figures 3 and 4) provide only
modest constraints on this figure. In this study we use the
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Figure 12. Proposed tectonic evolution of the South China Sea: (a) Eocene, assuming 100 km offset
on the Red River Fault and (b) early Miocene 20 Ma. Crosshatched crust is that now assumed to
underlie the Sunda Shelf SW of the West Baram Line and partially underthrust under Borneo.

estimate of Hutchison et al. [2000], who linked the late
Miocene uplift of the western Cordillera of Borneo to an
isostatic response to the partial subduction of the Dangerous
Grounds (Figure 1). For the sake of argument we assume
here that this underthrust material experienced similar
degrees of extension as the rest of the block.
[25] Although it has been argued from gravity data that
the uplift in NW Borneo is not isostatically driven but
instead reflects flexural support by the subducting Dangerous Grounds slab [Milsom and Holt, 2001], this does not
affect our argument because this alternative model still
requires Dangerous Grounds crust to be present under
NW Borneo after collision. We follow the reconstruction
of Lee and Lawver [1995] in placing the almost unextended
Reed and Macclesfield banks adjacent to one another prior
to breakup (Figure 12). Our reconstruction also accounts for
extension in the Nam Con Son and Cuu Long basins
[Matthews et al., 1997] and in the Nha Trang Basin [Roques
et al., 1997a]. The former northeastern edge of Borneo is
restored prior to addition of the Rajang/Crocker accretionary complexes, following the maps of Hall [2002]. In
addition, we back rotate Borneo by 50° to account for the
counterclockwise motion of the island relative to Indochina,
mostly during the early middle Miocene [Fuller et al., 1999;
Hall, 1996]. Although there is controversy regarding quite
how this rotation is accommodated because of a lack of
suitable structures known from the Sunda Shelf [Morley,
2002], the rotation is well documented, and we follow Hall

[1996] in placing the pole of rotation close to the SW end of
Borneo.
[26] Our work implies that the true southwestern edge of
the Dangerous Grounds lies close to the Lupar Line and
northeast of the Natuna Arch. In this case, differences
between the Dangerous Grounds in a strict sense and that
part southwest of the West Baram Line would be explained
by the presence of a strike-slip zone within the Dangerous
Grounds block. This strike-slip fault would date from the
earliest breakup (Eocene) and would be reactivated subsequently as the West Baram Line.
6.2. Offset on the Red River Fault Zone
[27] Our revised reconstruction provides new constraints
on the total amount of possible motion on the Red River
Fault Zone. The amount of possible motion on the fault is
limited by the need to have a paleo – South China Sea south
of the Dangerous Grounds that can be subducted to form the
Rajang and Crocker accretionary formations [Hutchison,
1996; Lambiase et al., 2008]. The width of this paleo –
South China Sea is controlled by the degree of offset of the
Red River Fault and the reconstructed width of the Dangerous Grounds.
[28] We estimate that a gap of around 1400 km width
existed between the Dangerous Grounds and Borneo in the
Eocene. This assumes a modest value of 100 km of sinistral
motion on the Red River Fault. If the 300 km minimum Red
River Fault sinistral motion suggested by Leloup et al.
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[1993] were correct, then the ocean could not have been
more than 1200 km wide prior to rifting. This is feasible,
given the size of the accretionary complexes of northern
Borneo that require a significant width to the paleo – South
China Sea. The total amount of Indochina extrusion relative
to China is, however, limited to much less than that figure if
the dextral motion in the Nha Trang Basin [Roques et al.,
1997a] is to be incorporated into the model. We estimate
280 km of extension within the continental crust south of
Hainan. Thus, if southeastward Indochina extrusion
exceeded that value, then motion across the EVTZ would
have been sinistral in that area, as it is farther north,
inconsistent with the seismic evidence for dextral motion.
This estimate effectively eliminates some of the higher
estimates for the Red River Fault Zone offset of 500–
1000 km [Leloup et al., 2001, 1995, 1993; Tapponnier et
al., 2001].
6.3. Implications for Extrusion Tectonics
[29] The recognition that the Dangerous Grounds are not
part of Sundaland, at least until collision with Borneo
around 16 Ma, has important implications for the role that
strike-slip faulting plays in the opening of the South China
Sea. Our work does not imply that major strike-slip faulting
did not occur in east Asia, but it does confirm models that
argue that even if Indochina-Sundaland was extruded to the
southeast after 35 Ma [Briais et al., 1993; Gilley et al.,
2003], then this would not have affected the Dangerous
Grounds because this was an independent plate at that time.
As a result extrusion tectonics cannot be considered a viable
mechanism for formation of the South China Sea, although
it likely did form the Song Hong-Yinggehai Basin.
[30] If Indochina’s motion relative to China along the
Red River Fault Zone did not form the South China Sea,
then the apparently reasonable correlation between major
sinistral motion on the fault and seafloor spreading might be
considered coincidental. This seems improbable, if not
impossible. While it is true that the earliest extension
significantly predates 35 Ma, it is also true that the period
of fastest seafloor spreading is also the time of greatest
strike-slip motion [Briais et al., 1993; Gilley et al., 2003].
The Dangerous Grounds were moving south at the same
time as Sundaland except at a faster rate relative to a stable
China. The fact that both motions are approximately synchronous suggests that a single mechanism was responsible.
If extrusion cannot be responsible, then it seems likely that
plate forces linked to subduction farther south are the most
likely candidates.
[31] Slab rollback along the Indonesian subduction system may be a possible mechanism for drawing lithospheric
plates toward the south at this time [Holloway, 1982;
Morley, 2002; Taylor and Hayes, 1983]. A link to subduction tectonics, possibly in the Pacific Ocean, is consistent
with the idea that rifting events in the east Asian marginal
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seas are linked [Honza et al., 2004; Ren et al., 2002].
Breakup in the Sea of Japan is close in age to that of the
South China Sea [Jolivet and Tamaki, 1992], yet this basin
cannot have been affected by collision-related extrusion.

7. Conclusions
[32] The origin of the South China Sea has been a
controversial issue for many years and has been linked to
both stresses induced by subduction in the western Pacific
and Indonesia [Morley, 2002], as well as to the southeastward motion of Indochina relative to a stable China induced
by the indentation of a rigid India into Asia after its collision
in the Eocene. If rifting of the South China Sea is driven by
extrusion of Indochina, this requires that the southern
margin of the basin, the Dangerous Grounds, be attached
to the extruding block, i.e., Indochina-Sundaland [Replumaz
and Tapponnier, 2003; Tapponnier et al., 1986]. Although it
had previously been shown that the boundary between the
Dangerous Grounds and Borneo was a paleosubduction
zone [Hinz et al., 1989], here we present new evidence
from seismic reflection surveys for a continuous plate
boundary between this trench and a transform continental
margin along the eastern edge of Vietnam. We confirm the
hypothesis that a continuation of the Red River Fault Zone
extended south along the Vietnamese margin and joined
with the trench along the Lupar Line, just to the east of the
Natuna Arch [Morley, 2002].
[33] Our results support the idea that the more prominent
West Baram Line forms a reactivation of a major strike-slip
fault within the Dangerous Grounds block [Morley, 2002].
The transform boundary is more diffuse south of the extinct
South China Sea spreading center, yet the Dangerous
Grounds only become part of Sundaland after 16 Ma. The
region between the West Baram and Lupar lines may be
considered to be analogous to the modern California borderlands, offshore Los Angeles, during the phase of active
motion. Plate tectonic reconstructions show that 280 km is
the practical upper limit on the offset of the Red River Fault,
while the paleo – South China Sea was 1400 km wide.
Spreading in the South China Sea terminated after 16 Ma
when the Dangerous Grounds collided with the active
margin of Borneo, jamming the trench and forming the
deep regional unconformity across Borneo [Hutchison,
2005; James, 1984; Levell, 1987], the Sunda Shelf [Lee et
al., 2001], and the Dangerous Grounds.
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